In high inorganic carbon grown (1% CO2 [volume/volume] There is now mounting evidence that cyanobacteria grown under high Cj2 conditions (1% CO2) possess a CO2 utilizing C1 pump which forms the central component of the CO2 concentrating mechanism (3, 5). The C1 pump appears to be constitutively expressed, being apparent even in 1 % CO2 grown cells (5). It has been proposed that induction of the high affinity HCO-uptake system during growth at low C1 levels may be due to the addition ofa "front-end" mechanism that converts HCO3 to CO2 with CO2 then feeding into the C1 pump (3, 5) .
readily took up CO2 but had little or no capacity for HCO3 uptake. These cells appear to possess a CO2 utilizing C, pump that has a CA-like function associated with the transport step such that HCO; is the species delivered to the cell interior. This CA-like step may be the site of inhibition by EZ. Low Cl grown cells possess both CO2 uptake and HCO3 uptake activities and EZ inhibited both activities to a similar degree, suggesting that a common step in CO2 and HCO3 uptake (such as the C, pump) may have been affected. The inhibitor had no apparent effect on intemal CO2/HCO3 equilibria (intemal CA function) in low Cl grown cells.
There is now mounting evidence that cyanobacteria grown under high Cj2 conditions (1% CO2) possess a CO2 utilizing C1 pump which forms the central component of the CO2 concentrating mechanism (3, 5) . The C1 pump appears to be constitutively expressed, being apparent even in 1 % CO2 grown cells (5) . It has been proposed that induction of the high affinity HCO-uptake system during growth at low C1 levels may be due to the addition ofa "front-end" mechanism that converts HCO3 to CO2 with CO2 then feeding into the C1 pump (3, 5) .
Although the Ci pump in high Ci grown cells appears to utilize CO2 as substrate (5, 20) , various arguments and evidence suggest that HCO03 is the species that arrives inside the cell (2, 3, 25) . This raises the possibility that the C, pump has a 'CA-like' function which operates during the CO2 transport 'This work was supported by a National Research Fellowship (to GDP) awarded by the Australian Government Department ofScience and Technology.
step and may help facilitate its energization. In a companion study (20) it was shown that C02-dependent photosynthesis in high Ci grown cells of Synechococcus PCC7942 was inhibited by the CA inhibitor, EZ. The CQ pump is a possible target for inhibition by EZ, however, internal CA activity could be an alternative target. Since HCO-appears to be the species arriving in the cell and since the majority of accumulated C, appears to be in the form of HCO3, a low level of internal CA activity has been identified as being necessary to supply Rubisco with CO2 from the internal Q pool (7) . Internal CA has been detected in several cyanobacterial species (7, 11, 24, 27) . Thus inhibition of either the C1 pump or internal CA by EZ could result in an inhibition of C02-dependent photosynthesis.
In this report, results are presented indicating that, in intact high and low C1 grown cells of Synechococcus PCC7942, EZ inhibits the C, pump without apparent inhibition of internal CA activity. This is consistent with the view that the C, pump may have a CA-like function. Active species uptake experiments are also presented. These show that CO2 and HCO3 uptake are equally inhibited by EZ lending support to a model where the C, pump is the central part ofthe CO2 concentrating mechanism.
MATERIALS AND METHODS

Growth Conditions
Cells of Synechococcus PCC7942 (Anacystis nidulans R2) were grown in BGl 1 media (21) buffered with 10 mM BTP (pH 8.0) as previously described (20 supplied. In fact, it was argued (5) Table I ). CO2 fixation was also reduced in both cases. The drop in C1 accumulation appeared to be greatest when HCOT was supplied to EZ treated cells. This, however, may be due to a problem of poor resolution of the low rates of accumulation when HCOT was supplied. When cells were presented with 1 mM HCOy and 100 AM CO2 In low C, cells, 400 uM EZ inhibited CO2 uptake and HC03-uptake to approximately the same degree when 100 ,uM concentrations of each species were applied (experiment 2, Table 1 ). EZ also inhibited CO2 fixation to a similar degree whether C02 or HCOy was supplied, although the lag in C02 fixation was greater when HC03 was supplied (Fig. 2B) of exogenous CA (4, 7) were used to obtain a direct, albeit qualitative, measure of C02 uptake capacity and C, pool size.
In the absence of CA the interconversion between C02 and HCOT was slow. Thus, the rate and duration of the decrease in the C02 signal during the first 20 to 30 s after the light was turned on can be said to reflect the cell's capacity for C02 uptake regardless of whether the cells had only CO2 uptake capacity (high Ci cells, Fig. 4 , control trace) or C02 and HC03 uptake capacity (low CQ cells, Fig. 5 , control trace).
After the initial uptake period, the decrease in C02 signal In high C, cells of Synechococcus PCC7942, incremental additions of EZ (Fig. 4) caused an increasingly marked decrease in the rate and duration ofthe initial CO2 uptake phase (light on), until finally in the presence of 500 ,M EZ, uptake was virtually nonexistent. The rate and duration (and overshoot) of CO2 efflux after the light was switched off was similarly inhibited by EZ. CO2 uptake in low Ci cells (Fig. 5 ) was similar to that seen in high Ci cells except that the rate of CO2 uptake and effiux were faster and the signal deflection greater. Successive additions of EZ to low Ci cells (Fig. 5) caused the initial rate of uptake (or efflux) to decrease, along with a reduction in the duration and final deflection. At 600 ,UM EZ, CO2 uptake was nearly abolished. A curious effect on the initial uptake response to EZ was noted in low C, cells. Concentrations of EZ from 50 to 200 AM often caused a slowing of CO2 uptake in the first few seconds of uptake, followed by a period of more rapid uptake (50 gM EZ) or a period of efflux (100 and 200 Mm EZ). The reason for this response is unknown. A firm conclusion from the above experiments, however, is that EZ inhibited CO2 uptake and Ci accumulation in high and low C, grown cells of Synechococcus PCC7942.
Effect of EZ on Ci Transport and Intemal CA Function
An effect of EZ on internal CA activity should be apparent as a downward shift in the relationship between internal C, pool size and the rate of CO2 fixation (provided that CA is rate limiting to photosynthesis and that EZ enters the cell). This data and the relationship between transport rate and external CQ was obtained from a series of experiments like the single experiment shown in Figure 3 .
In high C, cells, the slope of the relationship between CO2 fixation rate and internal C, pool size was only slightly reduced on addition of 200 ,AM EZ (Fig. 6A) . Given the limitations of this type of experiment and the difficulty in obtaining overlap of data points from control and EZ treated cells, the two data sets in Figure 6A cannot be considered to be very different. In high C1 cells, however, EZ did produce a marked decrease in the rate of C1 transport (Fig. 6B) . At 1 mM C;, EZ decreased C1 transport by 83% (Fig. 6B ). Since photosynthesis in high
Ci cells has been shown to be highly dependent on external CO2 supply (20) and such cells transport CO2 but little or no HCO- (Fig. 2 ) (5), it can be concluded that CO2 uptake is inhibited by EZ. By contrast, EZ appears to have little or no effect on internal CA activity (Fig. 6A ). This could be because EZ does not enter intact cells in sufficient quantities to affect CA.
EZ (400 lM) had a similar effect in low C1 cells causing, in this case, a small increase in the slope of the relationship between CO2 fixation rate and internal C1 pool size (Fig. 7A) . However, the transport rate was dramatically inhibited by EZ (Fig. 7B) (Fig. 1) . Bycomparison, low C, cells were able to take up both CO2 and HCO-species, although C1 accumulation was still more rapid when CO2 was supplied (Fig. 2) . These findings for high and low C1 cells are consistent with those of Badger and Gallagher (5) for Synechococcus PCC6301.
EZ was found to inhibit the utilization of CO2 in high Ci cells by inhibiting the C-transport system. When high Ci cells were treated with EZ, uptake of CO2 was severely inhibited (Fig. 1) . The small uptake of HCO-was also inhibited by EZ, however, this low level of HCO uptake was probably due to noncatalytic conversion of HCO-to CO2 followed by CO2 uptake. In mass spectrometer experiments which allow continuous monitoring of C02, EZ was once again shown to inhibit CO2 uptake and accumulation in high Ci cells (Fig. 5) . When C, uptake was followed over a longer time course, the internal C, pool in EZ inhibited cells reached a low pool size in the first 30 to 45 s. This did not increase further even after a 5 min uptake period (Fig. 3 ). This contrasts with green microalgae such as Chlamydomonas where EZ usually causes an increase in Ci accumulation although it may be associated with a reduction in the initial accumulation rate (8, 16, 23) . In microalgae, EZ has its greatest effect on internal CA activity, rather than on C1 uptake, causing the slope of the relationship between internal C, concentration and the rate of photosynthesis to be drastically reduced. The increase in Ci accumulation in the presence of EZ results from a reduction in the rate at which HCO-can be converted to CO2. Analysis of the relationship between CO2 fixation rate and internal C, concentration in high C1 cells of Synechococcus PCC7942 (Fig. 6A) , revealed that the rate of CO2 supply to Rubisco (internal CA function) was not significantly reduced by exogenous applications of EZ. We have recently shown (6) that Synechococcus PCC7942 does possess low levels of internal CA and that high concentrations of EZ are capable of inhibiting this CA. It seems likely that EZ does not enter intact high C1 cells (or low C1 cells; Fig. 7A ) in sufficient quantities to inhibit internal CA.
Although internal CA seems to be unaffected by EZ, the rate of C, transport in high C1 cells (Fig. 6B) (2, 3, 25) . The strongest evidence supporting this assumption is the isolation of two mutants that appear to be blocked in the utilization ofinternal C1 (12, 19) . This phenotype is hard to explain unless HCO-is the form of C1 entering the cell. If this is the case, then the Ci pump must function in the conversion of CO2 to HCOy in the transport process. Badger (3) has proposed that this could occur through the addition of OH-to CO2 when it is bound to the pump, and that the uptake of CO2 may be directly energized by the localized electrochemical gradient for OHbetween the membrane and the inside of the cell. This mechanism would greatly resemble the CA reaction (22) and as such it might be expected that HCO-and the sulfonamide group of EZ may bind to a common site in the Ci pump (13) . (Fig. 2) . EZ also inhibited CO2 uptake and accumulation in low C, cells as determined by mass spectrometric monitoring of CO2 (Fig. 5) . In addition, analysis ofthe relationship between CO2 fixation rate and internal C, concentration in low C-cells indicated that internal CA was unaffected by EZ (Fig. 7A ), but as with high C, cells, EZ caused a marked inhibition of C, uptake rate (Fig. 7B ). Badger and Gallagher (5) have proposed that the CO2 utilizing C, pump, that is most readily apparent in high C, cells, is likely to also form the basis of the CO2 concentrating mechanism in low C, cells, with HCO3 being utilized through a front-end mechanism that converts HCO3 to CO2 for use by the C, pump. If this is the case, the C, pump will be common to both CO2 and HCO3 uptake and as observed (Fig. 2) EZ would be expected to inhibit equally well whether CO2 or HCO3 were supplied externally. Alternatively, EZ would need to inhibit the C, pump and a possible HCO pump (25) by the same degree.
We suggest that Synechococcus PCC7942 possesses a CO2 utilizing C, pump as the basis of the CO2 concentrating mechanism and in high C, cells this C, pump appears to be the only C, accumulating pump in operation (5; and this paper). The C, pump appears to have a CA-like function associated with the transport step that allows it to use CO2 as substrate (15, 20) while delivering HCO3 on the cytoplasmic side of the plasma membrane. The use of external HCO3 by low C, cells would be the result of a putative front-end mechanism which acts to convert HCO3 to CO2. This model differs significantly from that proposed by Volokita et al. (25) and more recently by Ogawa and Kaplan (17) , in which the primary C, pump transports HCO3 from the external medium to the inside of the cell. In their model, the front-end is a CAlike moiety which converts CO2 to HCO3. pumping ATPase. At steady-state photosynthetic conditions, the release of OH-from the conversion of internal HCOi to CO2 would neutralize this internal proton generation and there would be no requirement for proton exchange with the external medium. HCO3 usage would occur via its interaction with a front-end protein which converted it to CO2. This conversion is depicted as occuring largely within or close to the membrane and would be tightly coupled to both the C, pump and a proton efflux mechanism. The identity of the front-end mechanism is unknown, but it is possible that it may involve the 42 kD polypeptide which is induced under low C, conditions and is associated with the cytoplasmic membrane (18 HCOi as compared to CO2 as a substrate (14) . Further experiments are necessary to confirm the various elements of this model.
